Cholesterol is an important constituent of eukaryotic cell membranes, whose interaction with phospholipids leads to a broad range of biological roles, such as: maintenance of proper fluidity, formation of raft domains, reduction of passive permeability of various chemical species through the bilayer (e.g., glucose, glycerol, K + , Na + and Cl − ions), and increased mechanical strength of the membrane. In this work we studied an interesting paradigm, as to whether cholesterol-containing phosphatidylcholine biomembranes influence the kinetics and transport features of alamethicin oligomers embedded into it. We demonstrate that moderate relative amounts of cholesterol increase the electrical conductance of various sub-conductance states of the alamethicin oligomer, caused probably by a non-monotonic change in the lumped dipole moment of the biomembrane. Our data suggest that biomembrane stiffness caused by cholesterol, visibly modifies the association-dissociation rates of alamethicin oligomerization in the biomembrane. Moreover, increasing concentrations of cholesterol seem to lead to more stable intermediate alamethicin oligomers. We show that in the presence of cholesterol, as the diameter of the alamethicin oligomer increases, so does the time of another monomer to get picked up. These results brings into focus the interesting issue of how oligomerization of proteins affects their interaction affinities for membrane-based lipids.
Introduction
Much of today's interest in the field of biomembranes biochemistry and biophysics is focused on grasping an understanding of their tremendously complex functionality. One major contribution to their intricate behavior stems from the rich composition of lipid species which make up a natural biomembrane on a highly asymmetric fashion [1] [2] [3] [4] . Of all lipids, cholesterol is the single most abundant lipid species in mammalian cell membranes. Extensive studies have proven that 90 % of all cellular cholesterol is located in the plasma membrane, and it accounts for about 25 to 50 % of the lipid, depending on the cell type [5] . Consequently, the evolutionary biological roles endowed by cholesterol span a wide range, such as: it helps to maintain an optimal degree of membrane fluidity [6, 7] , contributes to the formation of glycosphingolipid-cholesterol-raft domains [8] , leads to the reduction of passive permeability [9, 10] , and it enhances the mechanical strength of the biomembrane [1, 11, 12] . In direct connection to more specific molecular targets with tremendous roles in cellular physiology, it has been shown that besides the two major factors which regulate inwardly-rectifying K + channels belonging to a family of strong rectifiers (Kir2), namely protein phosphorylation and their interaction with phosphoinositides [13, 14] , Kir2 channels seem to be also regulated by the level of membrane cholesterol [15] . To date and with direct relevance to this work, there are some significant results in the literature which stress the relevance of lipid membrane composition for conductive and kinetic properties of model ion channels. For instance, it has been shown that the conductive states of alamethicin oligomers reconstituted into a planar bilayer are sensitive to lipid types in a way that correlates with the lipid spontaneous curvature [16] . Moreover, it has been proven that kinetic features of alamethicin oligomers are affected by the lipid composition of bilayers; for instance, significantly shorter bursts occurred in DOPC bilayers than in DOPE and the relative probability of the channel being in the n th state was dependent upon different lipid contributions [17] . In another paper, authors examined the possibility of cholesterol to modulate cell function, by monitoring its effects on the activity of the calcium activated potassium channel (BK) reconstituted into lipid bilayers [18] . Their main observations were that increasing the cholesterol concentration to 11 % of total lipid weight resulted in a 70 % reduction in channel mean open time and a reduction of the open probability of the channel by 80 %, and channel conductance was reduced by 7 %. The main purpose of this work was to investigate some of the kinetic and transport properties of alamethicin oligomers embedded into an asymmetrical artificial planar biomembrane whose physical and chemical properties were changed via cholesterol inclusion. When added to one side of a biomembrane, alamethicin monomers get inserted into it and generate highly voltage-dependent pores [19, 20] . Under an optimal applied potential difference, positive on the peptide side, lateral diffusion of alamethicin monomers followed by collision among them lead to relatively stable alamethicin oligomers. We argued that a new way to further study the influence of cholesterol upon the fluidity of a biomembrane with direct applications to integral protein dynamics, would be to study the extent to which lateral diffusion of alamethicin monomers is affected by cholesterol.
By using single-channel recording techniques, we monitored the electrical currents mediated by the alamethicin oligomer when the support planar biomembrane contained in one leaflet growing amounts of cholesterol (10 %, 20 % and 50 % respectively cholesterol, as compared to phosphatidylcholine). From our data we prove that the biomembrane stiffness caused by cholesterol, visibly and sometimes unexpectedly, modifies the associationdissociation reactions of alamethicin oligomerization in the biomembrane plane. That is, increasing concentrations of cholesterol seem to lead to more stable intermediate alamethicin oligomers, through some unknown negative cooperative-like effect of cholesterol molecules on the energetics of dissociation of any given intermediate oligomer.
Another result lends support to the conclusion that moderate amounts of cholesterol alter the electrical conductance of various sub-states of the alamethicin oligomer. At this stage, we suggest that cholesterol may cause a non-monotonic change in the lumped dipole moment of the biomembrane, so that according to the Nernst-Planck theory, the shape of the electrical potential across the biomembrane will change. As a supplementary check of our hypothesis, that cholesterol molecules lead to a decrease of the dipolar potential of the lipid monolayer they reside in, we studied the effect of 6-ketocholestanole on the conductivity of alamethicin channels. The presence of 6-ketocholestanole, a well-known dipole potential increase factor, was seen to induce opposite effects on the physical alterations related to the conductive pathway of the alamethicin channel, as compared to cholesterol. Obviously, more experiments involving quantitative determinations of the dipole potential in the absence and presence of cholesterol, using styrylpyridinium dyes-based fluorescent methods are desirable to confirm our assumption [21] .
Materials and methods
Current recordings through alamethicin oligomers were carried out by using folded bilayer membranes, obtained as previously described [22] . Briefly, a 25-μm thick Teflon septum was clamped between two Teflon chambers each of 1 ml volume. A bilayer was formed on an aperture of 100-μm diameter in the septum that had been pre-treated with 10 % (v/v) hexadecane (Sigma-Aldrich) in highly purified n-pentane (Sigma-Aldrich). Both chambers contained 1 M NaCl, pH 7.5. Initially, the level of electrolyte was set just below the aperture and 1 % (w/v) L-α-phosphatidylcholine in pentane (6 μL) was spread onto the surface of each chamber. After about 2 minutes, during which the solvent evaporated, the electrolyte level in the chambers was raised above the aperture. The formation of a bilayer was monitored by observing the increase in membrane capacitance to a value of approximately 120 pF. Alamethicin monomers (Sigma-Aldrich) were added from a stock solution made in ethanol, in the cis chamber only, connected to the ground and mechanical stirring was initiated in this chamber for ∼ 1 min to ensure proper concentration homogenization. All experiments were performed at a room temperature of ∼ 25
• C. When 6-ketocholestanole was used, we dissolved it in n-pentane along with L-α-phosphatidylcholine at a relative concentration of 50 % (w/w) with respect to the total mass achieved. We did this in the presence of very small amounts of ethanol (< 1 % v/v with respect to the volume of n-pentane), and it constituted the biomembrane monolayer the cholesterol was added to. Currents from the bilayer chamber were detected and amplified with an integrating headstage Axopatch 200 B amplifier (Axon Instruments, Foster City, USA). Data acquisition of the amplified electrical signals was performed with a 12 bit resolution, DAS1601 A/D card (Keithley Instruments, Inc., USA) at a sampling frequency of 5 kHz. Data was than fed into a PC-compatible computer for further numerical analysis including time-domain low-pass filtering, spectral analysis and graphing, done mainly with the help of the Origin 6.0 (OriginLab Corporation, USA) and Matlab software (The Mathworks, Inc., USA). The electrical conductance of various substates of the alamethicin oligomer were computed from a nonlinear fitting algorithm based on the Levenberg-Marquardt method for χ 2 reduction, of I-V diagrams recorded at applied potential differences ranging between -30 mV and -80 mV, negative from the other side of alamethicin addition. Average values and standard errors of corresponding electrical conductances were based on at least four independent values inferred from such I-V diagrams analysis. When cholesterol-containing asymmetric bilayer membranes were to be used, one of the lipid leaflets contained growing amounts (10 %, 20 % and 50 % w/w -with respect to the total mass achieved) of cholesterol (Sigma-Aldrich). In order to simulate the effect of bilayer's dipole potential modification induced by cholesterol on the electrical conductance through alamethicin oligomers, we resorted to the use of the Poisson-Nernst-Planck theory [23] . The perturbing effect of cholesterol on the magnitude of the biomembrane dipole moment was modelled as a relative decrease of the electrical dipole field within the polar region of the biomembrane. By integrating the PoissonNernst-Planck equation that describes the drift movement of monovalent anions and cations, we thus evaluated the sign of change of the total electrical current through the pore when the dipole moment of the membrane is modified on one leaflet only.
Results
Controllable amounts of cholesterol used to generate asymmetric artificial biomembranes are seen to markedly affect some of the transport and kinetic properties of alamethicin oligomers inserted into it. In the first set of experiments, we aimed at evaluating the conductance change of alamethicin substates when cholesterol was added as to make up 20 % and 50 % (w/w) respectively of the total amount of lipid used for one of the biomembrane's monolayer. Figure 1 -a shows original traces that represent the electrical activity of oligomerized alamethicin monomers in the absence and presence of cholesterol. It is intriguing to note that increasing amounts of cholesterol cause a non-monotonic change of the alamethicin sub-levels conductance. Figure 1 -b shows the calculated values of the conductance of the five visible sub-levels of the alamethicin oligomer, in the absence and presence of cholesterol. As it can be seen, when the side of the biomembrane where the alamethicin monomers were added to contained 20 % cholesterol, the conductance of levels two to five got enhanced beyond the Gaussian statistical departures of it (Table 1) In the presence of 50 % cholesterol, the third and fourth conductance substates were slightly greater than their corresponding values in the control (0 % cholesterol) and slightly smaller than those observed with 20 % cholesterol. We hypothesize that cholesterol may decrease the lumped membrane dipole moment. To test this assertion, we conducted more experiments during which the composition of the same biomembrane monolayer that contained cholesterol was modified as to include 6-ketocholestanole, as well. Based on the well-documented potency of 6-ketocholestanole to increase the dipole moment of phospholipid biomembranes [24] , we reasoned that if at least one of the effects of cholesterol is to decrease the biomembrane's dipole moment, 6-ketocholestanole may reverse the effect of cholesterol. In the next figure (Fig. 2) we show original traces which display the conductance change of the alamethicin oligomer when 20 % of cholesterol, and subsequently 50 % of 6-ketocholestanole were added cumulatively to the same phospholipids monolayer. For the sake of clarity, on each of the two consecutive situations (i.e., PC:PC / PC:PC+ chol and PC:PC+ chol / PC:PC+ chol+keto) we drew horizontal lines that pinpoint the variation of the electrical current through a given conductive state when cholesterol (20 %) and then 6-ketocholestanole (50 %) were added to the same phospholipids monolayer. For instance, if one focuses on the second conductive state of the alamethicin oligomer (denoted by '2') by inspecting Fig. 2 , one can see the extent to which the current mediated by the protein oligomer increases upon addition 20 % cholesterol on one monolayer of the biomembrane (compare PC:PC and PC:PC+chol traces). By contrast, when the same monolayer was made to contain an additional 50 % of 6-ketocholestanole, it can be seen that the electrical current associated to the same substate ('2') of the alamethicin oligomer slightly decreases (compare PC:PC+chol and PC:PC+chol+keto traces). This tendency is seen to be consistent for the other monitored conductive states of the alamethicin oligomer (i.e., '3' and '4'). In Fig. 2 state '0' corresponds to the 'closed' state of the alamethicin, when the critical minimal number of alamethicin monomers have not coassembled yet within the biomembrane. In order to have a global view of the absolute extent to which cholesterol in conjunction with 6-ketocholestanole modifies the electrical conductance of a given state of the alamethicin oligomer, we plotted in Fig. 3 how the conductance of the second conductive state of alamethicin changes when the abovementioned conditions are put in place. This graph (Fig. 3) was drawn with the use of original traces, as shown in Fig. 3 ; we chose to focus on the state '2' of the electrically conductive alamethicin only to make our point clearer. As it can be seen from the inspection of Fig. 3 , cholesterol and 6-ketocholestanole have opposite effects on the physical alterations imposed on the conductive pathway of the alamethicin channel. These data were compiled from traces as shown in Fig. 2 and at least five independent values were employed to infer statistics for each case.
Because 6-ketocholestanole is known to specifically increase the dipole moment of a phospholipids biomembrane, thereby increasing the conductance for anions and decreasing that for cations, it would come as no surprise that the overall conductance of a moderate cation-selective channel like alamethicin gets slightly lower. In the next figure (Fig. 4) we show quantitative evaluations of the extent to which the association and dissociation kinetics of alamethicin monomers change in the presence of various relative amounts of cholesterol (10 %, 20 % and 50 % relative to the content of phosphatidylcholine). Data shown in Fig. 4 -a suggest a rather unexpected influence exerted by cholesterol on the dissociation kinetics of individual alamethicin monomers. Compare for instance τ 32 when relative amounts of cholesterol go from '0' to 50 % ('32' signifies a transition from the third state of conductivity to the second one, and correspondingly τ 32 represents the measured time until such a transition occurs, and so forth - Fig. 4-c and Fig. 4-d . Therefore, increasing concentrations of cholesterol seem to lead to more stable intermediate alamethicin oligomers, through some unknown negative cooperative-like effect of cholesterol molecules on the energetics of dissociation of any given intermediate oligomer. It is also interesting to notice that increasing amounts of cholesterol cause a sizeable change in the time it takes for the alamethicin oligomer to catch another monomer (Fig. 4-b -compare for instance τ 23 when relative amounts of cholesterol go from '0' to 50 %. ('23' signifies a transition from the second state of conductivity to the third one and correspondingly τ 23 represents the measured time until such a transition occurs, and so forth - Fig. 4-c and Fig. 4-d) . From the data presented above (Fig. 2-b) , it is interesting to notice that in the presence of cholesterol, as the diameter of the alamethicin oligomer increases, so does the time of another monomer to be picked up. In this respect, compare for instance τ 23 against τ 34 and τ 45 at a 50 % relative concentration of cholesterol. This result brings into focus the highly interesting issue of how the oligomerization of proteins affects their affinities for interacting with neighbouring lipid complexes.
Discussion
When 20 % and 50 % relative concentration of cholesterol were added to one leaflet of the biomembrane, one of the noticeable implications of the cholesterol presence is a non-monotonic alteration of the electrical conductance of various substates of the alamethicin oligomer, (Fig. 1) . A tentative explanation for the observed effect lies in the well-documented concentration-dependent effect of cholesterol on membrane organization [25] [26] [27] . For instance, experiments regarding sodium permeability in DPPC bilayers have shown that although high contents of cholesterol (40 %) lead to a suppression of membrane permeability to sodium, 5 % cholesterol leads to a significant enhancement of the permeability [25] . Via similar mechanisms and compelled by the presented data, one may argue the conformational ordering of the lipid chains caused by cholesterol, which we believe plays a key role in changes brought about on the membrane dipole potential, seems to have a dose-dependent effect, as well. By virtue of its potency in modulating the biomembrane viscosity, cholesterol would be expected to lengthen the collision time between an alamethicin oligomer cluster and other monomers within the biomembrane, thus reflecting a slower lateral diffusion process. On a first approximation dictated by the use of artificial biomembranes which lack cytoskeletal proteins and biochemically complex extracellular regions, one may regard the motion of alamethicin monomers as being crudely Brownian. Assuming that on average the mean-square displacement of an alamethicin monomer until it interacts with an oligomer to give rise to a greater conductance state is the same, irrespective of the cholesterol molecules within the biomembrane, one could have an immediate indication of the relative change brought about by cholesterol upon the diffusion coefficient of alamethicin monomers within the membrane plane. Compare for instance (Fig. 4 ) the average time (τ 23 ) it takes for an alamethicin oligomer that resides in its second conductive state ('2'), to catch another monomer and become more conductive (state '3'), at 0 and 50 % cholesterol; on the frame of the Brownian diffusion law, one ends up with a diffusion coefficient ratio of the two processes in the absence and presence of cholesterol of about 5. It should be noted that due to the weak nature of the activation energy that is assimilated to the hydrogen-bond interactions among alamethicin monomers, the inverse value of average time intervals shown in Fig. 4 (panels 'a' and 'b') are good estimators of the diffusional reaction rates of alamethicin monomers within the biomembrane. Interestingly, by examining Fig. 4 one can see that as the diameter of the alamethicin oligomer increases thus causing the diffusion coefficient to decrease, the average time needed for the oligomer to take up another monomer via transmembrane diffusion mediated-processes increases. Specifically, at 50 % cholesterol, it takes on average twice as long for an oligomer in the fourth conductive state to catch another monomer and go to the fifth conductive state as compared to the same process, when the alamethicin oligomer resides in the second conductive state. Based on such yet rough evaluations, we believe our results endow the presented technique with potential applications for monitoring at the single molecule level the transmembrane dynamics of selected molecules, which in turn can be used as a probe of biomembrane microstructure. However, it proved intriguing the observed influence exerted by cholesterol on the dissociation rate of individual alamethicin monomers (Fig. 4, panel 'a' ). Since the mechanism of the dissociation reaction of alamethicin monomers from the clustered oligomer does not include transmembrane diffusion-limited reactions, one expects that changes in the viscosity of the biomembrane would hardly reflect on such reactions. In order to offer a plausible account for this phenomenon, one must take into account the main interactions between key residues that help stabilizing transmembrane bundles of parallel helices: a crown-like network of intermolecular hydrogen bonds between the polar Gln-7, Glu-18, Glu-19 residues [28, 29] . Alternatively, one should remember that the α-helical structure of a transmembrane alamethicin monomer possesses an excess of negative charge at the C-terminus and positive charge at the N-terminus due to alignment of the dipole moments of individual peptide bonds. Therefore, a peptide in the α-helical conformation may be looked at as a macro-dipole; it may be thus possible that changes induced by cholesterol on the dipole moment of the biomembrane monolayer they reside in, could affect the conformation of the peptide within the membrane and stabilize, via electrostatic long-range interactions, the oligomerized state of alamethicin. In this sense, there is previous data which support the influential role played by the intramembrane molecular dipoles and lipid environment on the folding of peptide chains within membranes and alamethicin bundle stability [30] . More experiments are currently in progress to fully elucidate this phenomenon. Within the framework our data, the observed increase of the overall conductance of the alamethicin channel when cholesterol is part of the biomembrane composition, can be viewed as a consequence of a dipole moment decrease caused by cholesterol. In order to qualitatively check the influence of dipole potential alterations on the overall conductance of an over-simplified conducting pore embedded into a model biomembrane, we have conducted a simulation based on the Poisson-Nernst-Planck theory [23] . We found that in the case of the alamethicin pore, which shows modest selectivity for monovalent cations (P + /P − = 4) [31] , a simulated decrease of the dipole potential leads to an increase in the electric conductivity, which is in agreement with the experimental data. Interestingly, when 6-ketocholestanole is added to the cholesterolcontaining biomembrane, the overall conductance of the channel drops to an intermediate value located in-between those obtained in the previous cases. This may indicate that 6-ketocholestanole cannot completely compensate for the dipole moment decrease imposed by the presence of cholesterol; if other than a change in the biomembrane dipole moment would be prominent for the physical changes brought about by cholesterol, addition of 50 % 6-ketocholestanole would have been expected to bring the channel's second state conductance to a value roughly similar to that obtained when 6-ketocholestanole was present in the biomembrane in the absence of cholesterol. Previous work dating back in 1970 has proved that surface-localized charge density strongly affects the I-V relationship for ions flow across biomembranes [32] , and this phenomenon has been subsequently confirmed by studies on a potassium channel [33] and the alpha-hemolysin channel [34] . Moreover, recent work has pinpointed that charges localized within the channel lumen or close to its extremities do alter the single-channel conductance and gating properties of channels [35] . On a similar line of arguments, most recent evidence was brought forward to support the strong electrostatic influence exerted by changes in the relative number of fixed charges upon the ion transport features of the alpha-hemolysin channel [36] . In spite of these strong arguments that favor the electrostatic interactions between the fixed charges around and within the permeation pathway of ion channels and porins and their conductive properties, the effect of dipoles on conduction has not been as clearly demonstrated. Such studies are of utmost interest, since many of the putative pore domains of ion channels are thought to consist of α-helices known to possess a strong dipolar behavior; furthermore, all integral proteins and ion channels cross the membrane in the region between the aqueous phase and the hydrocarbon-like interior of the membrane where the alignment of dipolar residues of the lipids as well as partially-ordered water dipoles leads to the formation of the membrane dipole potential. Within this context, we believe our data come to further strengthen the suggestion that lipids and cholesterol in particular, play important roles not only for modulating physical and chemical features of biomembranes, but also in controlling the function of ion-transporting membrane proteins.
